The traditional role of radiology in the multidisciplinary approach to modern trauma care has been primarily diagnostic and noninvasive. With the advent of more sophisticated and faster imaging equipment, computed tomography has further entrenched its role as the workhorse of trauma imaging. However, the specialty has evolved over the years with various therapeutic techniques now part of the interventional radiology armamentarium. Several of these techniques have become essential for the management of critically ill trauma patients. This article provides an overview of the common imaging findings of vascular and solid organ trauma from head to toe and subsequent endovascular interventions in these critically ill trauma patients.
Trauma is the third leading cause of death in all age groups [1] . Paramount to vital patient care after acute traumatic injury is an early diagnosis of the extent and degree of pathology. The role of radiology in trauma care is ever expanding and evolving. Historically, diagnostic imaging evaluation of the injuries was the crux but now has evolved to include temporizing or definitive therapeutic intervention in the treatment of the injured patient. By using a variety of minimally invasive endovascular therapies, interventional radiology has become an integral aspect of modern trauma care. In this pictorial review, we illustrate some common traumatic injuries in which diagnostic imaging and interventional radiology play an essential role in patient care and management.
Diagnostic Imaging
Diagnostic imaging is warranted to further assess and evaluate the extent of traumatic injury after the initial clinical survey has been performed. In patients who have sustained injury to the head, neck, and/or soft tissues of the chest, abdomen, and pelvis, the mainstay of initial imaging is computed tomography (CT), which provides a quick, noninvasive method to accurately evaluate pathology. In depending on the type of injury, the CT protocol can be tailored to optimally assess the specific site of concern. For example, if there is potential vascular injury to the carotid artery, an arterial-phase enhanced CT angiogram (CTA) of the head and neck vessels can be performed. Alternatively, in blunt abdominal trauma, a portal venous-phase examination of the abdomen and pelvis can be performed, which provides excellent contrast resolution of abdominal organs and allows for accurate diagnosis of traumatic injury. Magnetic resonance imaging is a potential imaging modality to assess for traumatic injury; however, given the longer time duration required for image acquisition, it is not typically used in the initial evaluation of traumatic injury. Ultrasound has limited utility in the patient who is acutely injured but can be useful as a bedside screening examination for intra-abdominal free fluid and pleural effusion.
In the setting of arterial vascular injury, CTA is an excellent initial imaging modality to detect and define the extent of pathology. Munera et al [2] compared CTA and intra-arterial catheter angiography in 60 patients with penetrating neck trauma and demonstrated that CTA had a sensitivity of 90% and a specificity of 100% in assessing traumatic injury. Vascular injury can be categorized into 5 types based on the imaging appearance: (1) intimal and/or medial damage with or without associated narrowing of the vessel lumen and creation of a dissection plane, (2) aneurysmal dilatation and/or pseudoaneurysm formation, (3) complete vascular occlusion, (4) arteriovenous (AV) fistula, and (5) complete vascular transection [3] .
Endovascular Therapy
The mainstay of endovascular intervention in the setting of acute trauma is exclusion of the arterial injury from the circulation. There are a variety of endovascular treatment options available to achieve this outcome, which can be tailored to optimally manage the type of injury. In patients with partial or complete arterial transection and hemorrhage, arresting the active arterial bleed is imperative. For endorgan arterial vessels, selective embolization of the vessel can effectively stop ongoing hemorrhage while minimizing distal tissue loss. Embolic agents can be temporary or permanent. Gelfoam (UpJohn, Kalamazoo, MI) is the most commonly used temporary agent in an acute traumatic setting. Examples of permanent embolic agents include endovascular coils, glue, and an Amplatzer plug (AGA Medical Corporation, Plymouth, MN). In noneend-organ arteries, endovascular treatment options also include arterial embolization or alternatively placement of a stent graft to patch the site of arterial injury while preserving luminal patency ( Figure 1 ).
Posttraumatic arterial pseudoaneurysms can result after disruption to 1 or 2 layers of the vessel wall (intima, media, adventitia). There is an associated high risk of spontaneous rupture due to the weakened arterial wall. Early repair and/or exclusion of the pseudoaneurysm is recommended because arterial rupture is associated with high morbidity and mortality. One potential treatment option includes placing a stent graft across the origin of the pseudoaneurysm. The benefit of this technique is exclusion of the pseudoaneurysm from the circulation while maintaining normal blood flow through the originating artery. Alternatively, the pseudoaneurysm can be excluded from the circulation by using a permanent embolic agent placed both proximal and distal to the pseudoaneurysm (''front-and back-door embolization''). More superficial iatrogenic postcatheterization pseudoaneurysms can be occluded with percutaneous thrombin injection, which allows thrombin to be injected directly into a pseudoaneurysm under ultrasound guidance and which results in activation of the coagulation cascade and leads to thrombosis. One contraindication to this procedure is if there is an AV fistula in addition to the pseudoaneurysm, which can potentially result in distant venous thrombosis or nontarget embolization.
An AV fistula is a direct abnormal communication between an artery and a vein, and can be formed after acute vascular injury. It is prone to rupture because high flow and/or pressurized arterial blood is abnormally shunted directly to the vein. An AV fistula can be treated by embolizing the artery proximal to the fistulous communication with the vein, excluding it from the circulation. Alternatively, placing a stent graft at the abnormal site of communication can also achieve a similar result. Another potential complication from acute vascular injury is the creation of an intimal flap or dissection plane, which can produce a flow-limiting stenosis that results in downstream ischemia. There may also be weakening of the arterial wall, which potentiates aneurysmal dilatation and vessel rupture. In cases of significant injury, endovascular treatment predominantly includes placement of a stent graft across the lesion, improving blood flow through the vessel lumen while reinforcing the arterial wall.
Although endovascular interventions have made modern trauma care safer and cost effective and have obviated the need for open surgery in many cases, these interventions are still not without their risks. Most common angiographyrelated complications include puncture-site hematoma, thrombosis, and pseudoaneurysm and/or AV fistula formation with a combined incidence of 0.47% for femoral punctures [4] . Additional complications include distal embolization and subsequent neurologic sequelae (especially in cases that involve arch manipulation). The overall (transient and permanent) neurologic complication rate has been reported to be 0.17% for femoral angiography [4] . There is an increased risk of neurologic complications in cerebral angiography, with a mean overall rate reported at 1.6% [5] . In addition, iatrogenic dissection rates have been reported at less than 1% in carotid angioplasties [5] . Lastly, given that the most widely used agent for intravascular administration in interventional radiology is iodinated contrast, every endovascular procedure carries with it the risk of contrastinduced nephropathy, which has a reported incidence of 0.01% [4] .
Site-Specific Injuries: Imaging Findings and Interventional Techniques

Head and Neck
The incidence of cervical vessel injury in blunt trauma is approximately 10% [6] . Potential complications of vascular injury include active hemorrhage, reduced brain perfusion secondary to vessel narrowing or occlusion, and thromboembolic ischemia from an inciting traumatic pseudoaneurysm or dissection [7, 8] . Because there is a significant associated risk of neurologic dysfunction and death (as high as 80%), early accurate diagnosis of these injuries is critical to patient management [9] .
In a penetrating trauma, there is a potential for partial and complete arterial transection that results in active hemorrhage, pseudoaneurysm formation, and vascular dissection. If an external carotid artery branch is involved, endovascular treatment can usually be achieved by selective arterial embolization. However, if the internal carotid or vertebral silent for days to weeks after the initial trauma [3] . There are a number of studies published in the literature that have described successful treatment of AV fistulas, carotid artery dissections, and pseudoaneurysms with endovascular stent grafts [10e12].
Chest
Thoracic vasculature injuries are highly lethal and require timely diagnosis and intervention. Of the thoracic great vessels, the brachiocephalic artery accounts for approximately half of the injuries (Figure 4) [13] . Pulmonary vascular ( Figure 5 ), azygous vein, and caval injuries are quite rare [14] . Acute thoracic aortic injury ( Figure 6 ) should be considered in cases of nonpenetrating thoracic trauma when the mechanism is appropriate (high-speed sudden deceleration) and/or the clinical symptoms are suspicious. There is a 0.5%-2% incidence of acute thoracic aortic injury in nonlethal motor vehicle collisions and 10%-20% in highspeed deceleration fatalities, as reported in the literature [14] . In patients with suspected traumatic injury to the aorta, emergent evaluation with CTA is recommended to assess the extent of injury [14] . It has been well established that the aortic isthmus, approximately within 2 cm of the origin of the left subclavian artery, is the most common location for aortic injury, which accounts for approximately 80%-90% of cases [15, 16] . Commonly described direct signs of aortic injury include the presence of an intimal flap, traumatic pseudoaneurysm, contained rupture, intraluminal mural thrombus, abnormal aortic contour, and a sudden change in aortic calibre. Indirect findings of acute traumatic injury include periaortic hematoma, mediastinal soft-tissue stranding, and hemopericardium [14] .
Patients with acute thoracic aortic injury require definitive repair. In the past, these patients had an open surgery with placement of an interposition graft. Progressive advances in endovascular stent-graft technology and techniques have resulted in a paradigm shift, with selected patients now treated with endografts at many centres, including ours. A recent meta-analysis that compared endovascular versus open repair of traumatic descending aortic injury supported stent grafting as an alternative to surgical repair, with lower postoperative morbidity and mortality [17] .
Abdomen and Pelvis
The spleen is the most commonly injured organ in patients with blunt abdominal trauma and accounts for approximately 25%-20% of all intra-abdominal injuries [18] . CT features of splenic trauma include laceration injury, subcapsular and/or parenchymal hematoma, and areas of devascularization. Active hemorrhage, pseudoaneurysm, and AV fistula formation are other important findings in splenic injury. The traditional treatment of blunt splenic trauma was splenectomy; however, there is more emphasis on splenic salvage through nonoperative endovascular management given the important role that the spleen plays in immune function. The most common technique is embolization of the splenic artery just distal to the dorsal pancreatic artery and proximal to the pancreatic magna artery to decrease the pressure head and preserve distal collateral blood flow. This approach is reported to have a successful splenic salvage rate of 84% [19] . Selective coil embolization is indicated if there is evidence of active extravasation, pseudoaneurysm formation, or an AV fistula (Figure 7 ). The liver is the second most commonly injured solid abdominal organ in blunt trauma, with liver lacerations half as frequent as splenic lacerations, but resulting in greater morbidity [20, 21] . Hepatic vascular trauma is present in approximately 20% and 25% of blunt and penetrating abdominal injuries, respectively [22] . Delayed vascular complications such as AV fistula and pseudoaneurysm formation can occur in up to 20% of liver injuries [19] . AV fistulas can appear as early and intense contrast enhancement of the portal hepatic/portal vein, whereas pseudoaneurysms appear as rounded focal areas of intense enhancement adjacent to arteries. Intra-arterial catheter angiography and embolization is indicated when CT demonstrates a hepatic injury with contrast extravasation in a patient who is clinically unstable or if AV fistula or pseudoaneurysm formation is present (Figure 8 ). Hepatic artery embolization is usually well tolerated because there is a dual blood supply to the liver, which makes postembolization infarction unlikely.
Renal injury occurs in approximately 7% of penetrating and in 4%-5% of blunt abdominal trauma [19] . Most traumatic renal injuries consist of parenchymal contusions and minor superficial lacerations, which can be managed conservatively [20] . However, significant active hemorrhage and renovascular injury are not uncommon findings and often require more definitive therapy (Figure 9 ). Distal superselective arterial embolization may be used to treat patients who are hemodynamically unstable if there is clinical or CT evidence of ongoing hemorrhage. Stents can be successfully used for treatment of main renal arterial injuries. Endovascular management of renovascular trauma is advantageous in that it is less invasive than surgery and preserves more renal tissue.
Patients with pelvic trauma are a challenging cohort, with reported mortality rates that range from 18%-40% [23] . Active bleeding after an acute pelvic fracture may be secondary to venous (Figure 10) , osseous, or arterial injury. Superior gluteal, internal pudendal, lateral sacral, iliolumbar, and inferior gluteal arteries are the most common arteries injured in pelvic trauma [24] . Embolization for active hemorrhage after pelvic trauma is usually less selective ( Figure 11 ) than in other vascular beds, particularly if there is hemodynamic instability. In fact, empirical embolization of both internal iliac arteries may be performed if no bleeding site is identified on angiography but if there is clinical or CT evidence of hemorrhage. Arterial dissections and pseudoaneurysms are typically managed with stent-graft placement or coil embolization.
Extremities
In penetrating trauma, partial or complete arterial disruption can result in active hemorrhage. Blunt trauma usually involves shearing and direct compression forces, which result in vascular dissection, pseudoaneurysm formation, or even complete transection. AV fistula formation is another potential complication after vascular injury ( Figure 12 ). The brachial artery is the most commonly injured vessel in the body and is classically associated with shoulder and/or elbow dislocations and humeral fractures [25] . The majority of traumatic injuries to the extremities can be controlled with directed tamponade. More patients who are unstable may be treated by embolization or stent and/or stent-graft placement.
Summary
Interventional radiology with its minimally invasive catheter-based therapies offers attractive emergency management options for vascular and solid organ trauma. Even in patients who are unstable, interventionalists use rapid, safe, and efficient techniques to treat vascular injury while maximizing organ preservation. It is for these reasons that development and maintenance of an active interventional radiology program is essential to the delivery of modern trauma care.
